Abstract: The aim of this work is to develop a hydrogen production system with respect to saving energy and reducing carbon dioxide. Methane and carbon dioxide are major feedstocks of an autothermal reformer (ATR) and a CO2 reformer, respectively. The waste heat recovery technique is applied to build a stand-alone ideal heat-integrated system. The proposed system configuration and optimal operating conditions are verified with the Aspen HYSYS® simulator.
Introduction
About 95% of the hydrogen that was produced in the U.S. used a reforming process with natural gas as the feedstock. The conventional process primarily consists of two steps. First, the reformation of the feedstock with high temperature steam to obtain a syngas and, second, a water gas shift (WGS) reaction that produces hydrogen, carbon dioxide, and a few residual materials [1] . As for fuel cell applications, the pressure swing adsorption (PSA) process is connected to the WGS reactor such that the purity of hydrogen can reach almost 99.99+%, and the waste gas of PSA may flow into a preferential oxidation (PROX) reactor to produce the high temperature flue gas [2] . Moreover, the modeling, simulation and optimization of a class of hydrogen production processes using the Aspen HYSYS ® process simulator have been studied [3, 4] .
In general, methane reforming processes constantly generate a large amount of carbon dioxide from the steam methane reformer (SMR), WGS reactor and PROX reactor. The CO 2 capture technologies including MEA absorption and membrane processes can be devoted to reducing greenhouse gas emissions [5, 6] , but the capture and storage of CO 2 need additional electricity. Nord et al. [7] used the pre-combustion CO 2 capture technique to effectively reduce greenhouse gas emissions. Recently, Fan et al. [8] utilized greenhouse gases through the CO 2 reforming process with specific catalysts to improve hourly space velocity and hydrogen production, and Fan et al. [9] studied the optimization of hydrogen production from CO 2 reforming of methane via experiments. With regard to methane reforming-based hydrogen production processes, a combination of partial oxidation and steam reforming of methane in an autothermal reforming (ATR) reactor has recently become more popular. The modeling, kinetic analysis, and simulation of ATR of methane for prescribed reactors have been studied [10] [11] [12] .
Ersoz et al. [13] provided a simulation study for a fuel cell system combined with a methane ATR-based hydrogen production process. Furthermore, the optimization of the methane ATR process with regard to the conflict between the increase in hydrogen yield and the reduction in carbon monoxide has also been investigated [14, 15] . Using a similar approach, Silva et al. [16] undertook the simulation and optimization of a glycerol ATR-based hydrogen production process with the assistance of Aspen HYSYS ® .
Description of Major Process Units
There are five major process units in our methane autothermal reforming-based hydrogen production process. Three two-phase streams of methane, water and air (oxygen) are well mixed at room temperature with two molar ratios of water-to-methane 2 4 (H O/CH ) and oxygen-to-methane 2 4 (O /CH ) . The mixed stream is pre-heated by a heater equipment and flows into the autothermal reforming (ATR) reactor at the prescribed inlet temperature,
. Assuming that the system is an adiabatic reactor with packed catalysts, the major reactions are described as follows. 
where [10] .
Since the outlet temperature of the ATR reactor could be over 850K and the stream contains a high percentage of carbon dioxide, a CO 2 reformer aims to reduce the greenhouse gas emission and increase hydrogen production accordingly. In our approach, the outlet stream of the ATR reactor needs to be mixed with the second feed flow of methane ? CH | ABBC at room temperature, and the well-mixed stream flows into the CO 2 reformer at the prescribed inlet temperature, 2 , CO R in T . Assuming that the system is a nonisothermal tubular reactor with packed catalysts, the reversible endothermic reaction proceeds in a CO 2 reformer [9] , (9) with the corresponding kinetic model 
Afterward the outlet stream of the HTWGS reactor flows into the pressure swing adsorption (PSA) unit to produce high purity hydrogen (99.95+%) by using a solid adsorbent, e.g., activated carbon can be separated. Assuming that the PSA process is an isothermal one, the outlet composition of the PSA is expressed as follows 
and the outlet composition of PSA waste gas is shown by 
When the waste gas of the PSA flows into a preferential oxidation (PROX) reactor, the high temperature flue gas is produced. The kinetics of the PROX reactor are simplified as Demonstration: In Fig. 1 , the water-to-methane molar ratio 2 4 (H O/CH ) , oxygen-to-methane molar ratio 2 4 (O /CH ) , inlet temperature of the ATR reactor, Moreover, the operating conditions are set by the ATR with 2 4 H O/CH =1.5 , Fig. 2(a) demonstrates that the proposed hydrogen production system with the aid of the CO 2 reformer can ensure a higher hydrogen flow rate and lower carbon dioxide flow rate than with the conventional design in Fig. 2(b) . Obviously, the CO 2 reformer can contribute to increased hydrogen production by consuming carbon dioxide. However, the CO 2 reformer in this process design needs an additional methane feed flow due to a very low composition of methane in the outlet of ATR. To achieve reduce the energy needed and the carbon dioxide produced, a heat recovery method, shown in Fig. 3 , is developed. The flue gas produced from the PROX reactor goes through two heat exchangers to rapidly heat the inlet flow of the ATR reactor, and the recirculating streams go through another two heat exchangers to cool the outlet flow of the CO 2 reformer. Finally, the outlet stream of the fourth heat exchanger (HX4) reaches a temperature of 774 K and this can be treated as the heat source for the CO 2 reformer.
Figure 3 Methane ATR-based hydrogen production system with waste heat recovery
Notably, the original devices of heater and cooler shown in Fig. 2(a) are replaced by four heat exchangers. Using the Aspen HYSYS ® simulator, although the waste heat recovery design may reduce the hydrogen yield by about 2.5%, but the total benefits with regard to saving energy make this process worthwhile.
Process Optimization
Maximizing the hydrogen yield and minimizing carbon dioxide emissions are the optimization goals for the hydrogen production system; presented in this work. Two optimization strategies are introduced. First, the hydrogen selectivity in terms of the flow rates leaving the reactor is defined as
This shows that if the hydrogen product increases or the carbon dioxide decreases in the outlet flow of the HTWGS reactor, then the value of R S definitely increases. For Case I, the optimization algorithm for maximizing hydrogen selectivity is described as follows. represents one of decision variables. The upper and lower limits of physical constraints are based on the previous study of operating conditions for each reactor.
Remark 2:
The hydrogen selectivity is denoted as a sole objective function, but the maximization of hydrogen selectivity could identify the operating scenarios for maximizing the hydrogen yield and minimizing carbon dioxide emissions simultaneously. Seven decision variables are determined by solving this constrained optimization problem. The optimal operating conditions are verified with the Aspen HYSYS simulator. Second, the carbon dioxide selectivity for the evaluation of the effect of carbon dioxide reduction is shown by
Notably, the total carbon dioxide reduction is relevant to decrease the value of R _` . Thereby, Case II for the optimization algorithm in regard to the minimization of R _` is described as Remark 3: Similarly, the carbon dioxide selectivity is another objective function. The minimization of carbon dioxide selectivity could identify the operating scenarios for maximizing the hydrogen yield and minimizing carbon dioxide emissions simultaneously. The optimal operating conditions can be found by solving the minimization algorithm according to seven decision variables. Similarly, the system's performance with regard to the reduction in carbon dioxide emissions can be evaluated by the Aspen HYSYS simulator. Furthermore, a comparison of the system before and after using optimization strategies is shown in Table 1 . Obviously, both optimization cases may induce a lower hydrogen yield than the original design with the emissions by 38.4%~45.9%. Moreover, if the waste heat recovery design is employed, then the hydrogen yield for the system using Cases I and II usually decrease by 2.5%. However, it is truly compensated by saving energy and reducing carbon dioxide emissions. he mass flow of CO 2 falls from 87.46 kg/h to 58.49 kg/h, and the optimization of Case II can achieve up to a 41.23% reduction in carbon dioxide emissions.
Conclusions
The configuration proposed in this work is an energy-saving process, since the ATR reactor reduces energy consumption by up to 57.4%, and the waste heat recovery design can completely take over functions of heater and cooler. The proposed system can also reduce carbon dioxide emissions, because the CO 2 reformer can reduce these by 42.54% and increase hydrogen yield by over 13.60%. It has been verified that the ATR reactor plus CO 2 reformer can provide greater hydrogen produce than the conventional SMR process. However, both HTWGS and PROX reactors may generate a large amount of CO 2 if the waste heat is not enough and the concentration of CO is too high.
